Information and techniques regarding the proper use of blown mineral fibre insulation are presented.
INTRODUCTION
HE CUSTOMER FOR mineral fibre insulation (MFI) has two basic re-Tquirements: that the insulation provide the required thermal resistance for the service life of the building, and that its use does not create a hazard to health or contribute to the deterioration of other building components.
This paper is concerned with the thermal performance of blown MFI, and more specifically with the question of how to ensure that the purchaser receives the amount of thermal resistance contracted for. It is shown that, owning to the variability of the material and installation techniques, two requirements must simultaneously be fulfilled at the time of installation: (i) minimum installed thickness; and (ii) minimum mass per unit area. This Note deals with the determination of these minimum values, and the sample preparation and laboratory testing of the thermal resistance of M F I . An analysis of the requirements for cellulose fibre insulation (CFI), [1] can also be applied to MFI. Unlike CFI, however, the thermal resistance of the mineral fibre insulation is strongly dependent on material density, and thus the laboratory testing procedures must be related to the field situation.
VARIABILITY IN DENSITY OF MFI BLOWN INTO ATTICS
A M innesota in-situ test program [ 2] showed that the density of M F I blown into attics varied from 24 to 107 kg/m3. The following study examines a few of many variables that together may have caused the large variability shown by the Minnesota study [2] .
Horizontal or Angular Blowing
Results for horizontal and angular blowing (10 to 20 deg downwards) in a simulated attic space built in a laboratory at the National Research Council of Canada (N RCC) were compared to those obtained with the ASTM C-519-75 method'. The comparison is shown in Table  1 . Angular blowing produces somewhat higher densities. In one case the increase exceeded 21 percent, but in most cases it did not exceed 15 percent. Horizontal blowing in the simulated attic space produced densities almost identical to the comparative, horizontal, laboratory blowing method. This conclusion supports the observation for retrofitting in attics of two houses, examined in June 1979, where an average density of about 31 kg/m3 was produced for material having a density of 27 to 30 kg/m3 as determined by the comparative laboratory method. It must be remembered, however, that these comparisons are related to the same operator, material, and blowing machine.
Product Variability
Tests were performed at the NRCC laboratory in 1977 and 1978 using the comparative blowing method as described in ASTM C-519-75. All variables such as the machine, its settings, operator, hose and environmental conditions were the same in each case. Selected test results, shown in Table 2 , indicate that the average variability in type 2 MFI I (rock wool) is about 20 to 30 percent. In one isolated case a variability of 90 percent was observed in MFI from a new plant. This indicates that the quality control in a plant should include a comparative horizontal blowing test.
'This method, when used with the same machine and settings, the same operator, and in standardized laboratory conditions, is called the comparative laboratory blowing method. Tables 3 and 4 show the effect of variable machine settings. Table 3 relates to the same machine and operator as used to obtain data shown in Tables 1 and 2 . The operator was requested to produce a layer of insulation with the lowest and highest possible density. Table 4 relates to another blowing condition. The operator was instructed to use particular machine settings. Although the air settings selected for this machine would not likely be used in practice, the exercise clearly showed the extreme densities that might be obtained by misadjustment of the machines. Tables 5, 6 and 7 illustrate a few test series where the settlement of MFI was examined. Specimens exposed to the climatic cycles used for CF I settled about 2 to 3 percent as shown in Table 5 . A longer exposure time (Tables 6 and 7) did not increase the settlement to any extent.
Blowing Machine Settings

SETTLEMENT OF MFI IN ATTICS
The basic conclusion from these data is the same as that for experimental houses [4, 5] ; namely, the settlement of MFI affects material densities in situ to a lesser degree than do other factors, and may be disregarded if an appropriate installed density can be guaranteed.
VARIABI LITY IN DENSITY OF MFI IN WALLS OF TWO NRCC EXPERIMENTAL HOUSES
Test Houses
The experimental houses had outer dimensions 8.5 X 9.1 1 m, providing about 85 m2 of wall and about 77 m2 of ceiling area to be used for these insulation studies. The average width of a compartment between studs was 570 mm and about 350 mm in the case of the corner compartment. The average height of the wall space provided for retrofitting was about 2.35 m. The top 200 mm of the stud space in house No. 1 was covered with transparent acrylic plastic and the remainder .with 11 mm wood particle board sheeting (Fig. 1 ). The internal sheeting in house No. 1 was cut into pieces to cover each compartment separately, and fastened with screws. In house No. 2, sheets 1.2 X 2.4 m of 12 mm thick gypsum board were used for internal sheeting. A continuous polyethylene vapour barrier, 0.15 mm thick, was placed behind the dry wall sheeting in house No. 2, while only two strips of polyethylene film at the top and bottom 400 mm of the wall were used in house No. 1. The central area of the wall was not protected with a vapour barrier in order to simulate an extreme case of moisture ingress into a retrofitted wall.
The external sheathing was also 11 mm wood particle board coated with two layers of latex paint.
Blowing Machine and Adjustments
The blowing machine used in this study was a Universal, Mk III, model SC-59 Custom, produced by UNISUL, Inc., in Winterhaven, Florida. The only factor that varied was the rotational speed of the machine (rpm). By changing the rotational speed the operator was able to regulate both air volume and material feeding rate.
Materials
The two MFI products selected for this study were: (i) MFI type 1 with an average comparative, horizontal density in the Tables 1 and 2) Both materials were tested several times at NRCC with regard to their density and thermal properties.
Application Technique
Originally all the walls were provided with a filling hole 60 mm in diameter placed in the centre of each stud space about 0.5 to 0.6 m from the top. It was found that, with the hole in this location, it was impossible to fill the stud space to the top with MFI either type 1 or type 2. Even when the rotational speed was increased to 2500 rpm, the space could only be filled to about 300 to 400 mm above the hole. The applicator decided to redrill all the walls and locate new holes 200 to 300 mm from the top, as shown in Fig. 1 . In wall applications, speeds of 1800 and 2200 rpm were used.
Density of Mineral Fibre Type 1 in House No. 1
The results of density determinations for MFI type 1 are shown in Table 8 . It is apparent that a change in the speed at which material is fed into the hose has a significant effect on density. The density produced at 2200 rpm was about 40 percent higher than that produced at 1800 rpm. Slight settlement (less than 1 percent) was noticed in one of the north wall compartments. The densities shown in Table 9 for MFI type 2 illustrate the great variability (s = 18 percent) in results obtained using the installation technique and machine settings chosen by the applicator (2200 rpm). The standard deviation in density when type 2 M F was applied at 1800 rpm appears smaller (12.8 percent) and similar to type 1 M F I ( Table 1) . Although the standard deviation in density obtained by blowing at 2200 rpm is practically the same in both experimental houses, the average density differed by 53 percent.
The material, machine and its adjustment, applicator and structure of the wall were the same for each sample; it appears that the difference in density may be attributed to the fact that the applicator could see through the transparent top portion of stud spaces in house No. 1. The applicator tried to produce a uniformly well filled space and continued to compact the material until the larger voids in the top portion disappeared. It was previously observed that material flow upwards was limited to 0.3 to 0.4 m and that all the holes were redrilled and placed close to the top. There was, however, a limited space for air release and a greater chance of large voids. Although the material readily filled the top portion of the wall, it often produced large voids, particularly in the vicinity of the hole, as shown in Fig. 2 . The volume of voids could be reduced by an adjustment of the blowing conditions. The control over the degree of compaction in the top portion of the wall may account for the difference in the average density of the same material applied in houses No. 1 and No. 2. (Table 9 ).
No significant settlement of blown MFI was observed in the test houses.
The findings of this study and those of the Minnesota Retrofit Insulation In Situ Test Program [2] show great variability of density produced in pneumatically retrofitted installations. In the Minnesota study, type 1 MFI was found to vary between 21 kg/ml and 71 kg/m3 in the three houses studied; in the NRCC tests, it varied between 26 kg/ml and 47 kg/m3. Only one house with type 2 MFI was tested in the Minnesota study, and a density of 112 kg/m3 was obtained [2] . This appears to correspond to the upper range observed in this study, i.e., 105 kg/m3. The lowest density obtained in our study with the same material was about 44 kg/m3. Materials installed with densities at the lower end of the density range displayed various defects such as large unfilled spaces (Fig. 3 ), or irregularly filled spaces with voids ( Fig. 2) .
When installed at higher densities, the same material can easily be blown to produce a good structure with practically no voids (Fig. 4) . When applied at a density in the upper range, all loose-fill materials tested showed a very good and homogeneous structure and stayed intact in the space between the studs after removal of the internal sheeting. In summary then, at the low end of the density range, there was evidence of large voids in the material and hence reduced thermal performance. At the upper end of the density range, the space was well filled but with the use of more material than necessary; thus the cost of material may be increased significantly.
TESTING OF THERMAL PROPERTIES
The following factors should be included in the specimen preparation for thermal testing: (i) conditioning to required moisture content; (ii) selection of representative thickness; (iii) blowing to the required structure and density. Moisture contents determined in the experimental houses both in this study and a study by the National Bureau of Standards [5] , were comparable to moisture equilibria in the laboratory, indicating that the standard procedure of conditioning and testing at 50 percent RH and at 24 ± 2°C is appropriate. Tables 10 and 11 show thermal resistance as a function of specimen thickness for a series of specimens prepared at uniform and constant density. Although instrumentation errors may be slightly larger in measurements where the thickness exceeds 150 mm (although the Guarded Hot Plate [GHP] and Heat Flow Meter [HFM] were 600 X 600 mm), the data shown in Tables 10 and 11 appear to be adequate for analysis. A multiple regression technique was used to analyze the data:
Selection of Representative Thickness
where L = thickness, m p = density, kg/M3 Equation 1 was reduced to Eq. 2 by making calculations with two selected densities, 35 kg/m3 (Table 10 ) and 13.5 kg/m3 (Table 11 ). where A* = intercept at L = 0, m2 K/W B* = slope of the line, e.g., between 75 and 150 mm, mK/W With data from Table 10, the equation becomes:   and with data from Table 11 , it takes the form:
One may calculate the error introduced by neglecting the intercept A* and using a value of rL obtained from a test on a sample of thickness L, e.g., 150 mm: where . R 1 5 0 = thermal resistance of layer with thickness 150 mm rl s o = thermal resistivity measured at thickness 150 mm Thermal resistance Rx at any thickness X is then calculated from the following formula:
The results of calculations with Eq. (6) are added to Tables 10 and 11.
The conclusion is that: a thickness of 150 mm should be selected for quality assurance testing. For quality control testing, a thickness of 75 mm or 100 mm may be preferred; correction coefficients' of 5 and 3 percent respectively will convert the measured thermal conductivity (resistivity) into values corresponding to a thickness of 150 mm.
Blowing to the Required Structure and Density
The structure of the blown material appears to be influenced by machine adjustment. This may be seen in the following series of thermal resistance measurements. Material was blown into four 150 mm deep, 600 X 600 mm test frames. Two of the test frames were filled at a speed of 900 rpm and two at 2000 rpm. Densities obtained in the frames were about 39 and 27 kg/m3. The low density material was then compressed to a density of about 39 kg/m3 . The following averages of thermal resistance were obtained: (i) low density, compressed R 1 = 3.38 m2 K/W; and (ii) high density, blown R2 = 3.26 m2 K/W; i.e., about 3.6 percent differency in thermal resistance obtained at the same thickness and density.
The effect of the sample preparation technique on thermal resistance may be even more significant for low density MFI. Figure 5 shows experimental results obtained on specimens prepared in two different ways:
(i) specimen with material blown to a required density; and (ii) material blown to a minimum density and compressed to the requ i red density. Specimens blown to lower density and then compacted showed higher R-values than specimens blown to the specified density. In the extreme case specimens blown to a density of 9 or 10 kg/m3 showed a thermal resistance about 20 percent lower than that for specimens blown to a density of 6 kg/m3 and compressed to 9 or 10 kg/m3. Compression of the specimens may affect thermal resistance in two ways:
(i) improve material homogeneity and reduce void ratio in the layer adjacent to the surface; and (ii) reduce the density gradient over the specimen thickness, i.e., the top layer, having a density lower than the rest of the specimen, becomes more compacted, and the density variation in the specimen may become smaller with growing degree of compression. This second aspect may be very important in research and development testing, to allow comparison between different sample preparation and various thermal testing methods. For instance, the thermal resistance of the MFI installed in a wall section and tested with the Guarded Hot Box (GHB) method will agree with that determined with the HFM apparatus when material structure, average density and void distribution in both samples are similar. If the specimen for HFM testing is prepared with open blowing, it may be necessary to blow above the level of the frame and compress the material to reduce the density gradient over the specimen thickness. As shown in Table 12 compression may or may not affect its thermal conductivity vs density relation.
Test 361-43 in Table 12 shows that varying thickness of the overblown layer may not influence the thermal conductivity-density relation if the material structure is not significantly changed during blowing.
The varying thickness of the overblown layer, however, as shown in test 361-39, may produce increased thermal resistance if the material structure is changed (material/air ratio was changed in this test). Figure 5 and Table 12 show that in some instances compression of the specimen may increase its apparent thermal resistance; compression should be limited, therefore, to a small and specified fraction of the specimen thickness. This is particularly important in the MFI certification (quality assurance) testing. After the specimen surface is raked and leveled, the thickness of the overblown material should be within 15 to 25 mm to ensure a smooth surface and avoid an increase in the apparent thermal resistance which does not exist in situ. Figure 6 illustrates the relationship between the thermal resistance of MFI and the applied density. Experimental results obtained for several specimens of blown and poured MFI I appear to follow the same sort of dependence as shown for batts [6] although with higher thermal con- Figure 6 . Thermal conductivity of MFI, 150 mm thick, tested at NRCC at a mean temperature of 24 ±2°C. ductivity, i.e., blown or poured MFI has a lower thermal resistance than a batt with the same density.
Preparation of Sample with Representative Density
Thermal resistivity (resistance per unit thickness) decreases sharply with a reduction of density of low-density blown MFI, e.g., the thermal resistivity decreases about 12 percent for a 20 percent decrease in density in the range between 15 and 5 kg/m3. At densities above 40 kg/m3, the change in resistivity is very small even for a 20 percent density change. This indicates that low density samples for thermal testing must be prepared very carefully.
It is suggested that samples for thermal testing of MFI for horizontal appl ication consist of three specimens4 blown in frames (wooden, plexiglass or polystyrene frames can be used) not smaller than 600 X 600 X 150 mm. The bottom of the frame may be lined with polyethylene film. Plywood or another rigid support should be used under the polyethylene film. Prior to filling the frames for thermal testing, the appro-priate machine setting should be selected. The suggested procedure may be as follows. For horizontal blowing use a 46 m long, 64 mm diameter flexible corrugated standard blower hose, unless specified differently by the manufacturer, and containers 900 X 400 X 150 mm, and only newly opened bags of MF I. With machine settings recommended by the producer, fill one container. The area of sample preparation should be large enough not to produce air turbulence while filling the containers. Using five thickness measurements taken with depth gauges and scales with an accuracy of at least 0.1 percent of the sample weight, determine the blown material density. If it falls within -10 to +5 percent of the density recommended by the manufacturer, the machine settings can be used for sample preparation. If it exceeds these limits, the setting should be corrected and the process repeated until two subsequently filled containers yield the required density. Three frames' for thermal testing should then be filled. Their average density should not deviate more than ±5 percent from the design density recommended by the producer. After the determination of density the specimens should be conditioned for at least 48 h at 50 percent RH and 22 ±2°C. Care must be taken in the handling of blown samples to avoid alteration of the structure due to impact or vibration during the transport to the thermal facilities. Prior to thermal testing the density should be determined once more and reported with the results for thermal resistance.
It is suggested that specimens for wall installations be prepared in a special assembly, e.g., as one shown in Appendix A.
DISCUSSION
Material specifications should contain the information needed by the customer. If the installation contractor's work influences the performance of the insulation, the recommended practice for material installation becomes the most important part of the specification system and should address the selection of variables in the installation technique. MFI producers should be requested to list the recommended blowing-machine settings for their materials [7, 8] . These air settings can be used as a starting point to set the machine to obtain a required ratio between material feed and air flow, in order to achieve the shredding and fluffing needed to obtain the stated coverage and a reasonable blowing rate. It must be noted, as one MFI producer stated in the information on equipment settings, that &dquo;Due to changes in the weather, machine wear, hose condition and variability in the insulation, the applicator must continually monitor coverage and make the adjustments necessary to assure that the product meets the requirements stated on the bag label&dquo; [8] .
All installers should be trained and certified for the application of a particular product group, e.g., MFI. The training and instructions for horizontal blowing should be related to a simulated attic space or large containers. For wall applications reference walls such as the CFI reference walls [9] could be used.
Installers and contractors must be given assistance and instructions with regard to the major variables in the installation techniques, but they must also be required to carry full responsibility for the quality of their work. In horizontal applications the required R-values are achieved only when both: (i) minimum thickness is achieved or exceeded;
(ii) minimum mass per unit area, mass/m2, is achieved or exceeded, i.e., at least the requ ired number of bags for a specified area are° installed.
Both of the requirements must be printed on the bag and both of them must be fulfilled. Let us take an example. Suppose Rsi = 5 m2 K/W is required for an area of 100 m2. For a particular material, Rsi = 5 will be achieved with a thickness of 250 mm and a mass of 10 kg/m2 or a density of 40 kg/m3. This will require fifty 20 kg bags. If the applicator installs the material at 32 kg/ml he must still install 50 bags but the thickness will be 312 mm. If on the other hand he installs the material at 48 kg/m3 he must install a thickness of 250 mm, which will take 60 bags of material.
In the standard covering recommended practice for material installation, a requ irement for thickness indicators, e.g., such as discussed for CF I [ 1 ] , would be desirable. They would provide the installer with an easy and reliable way of ensuring that the required thickness has been achieved and would provide the customer or inspector with a simple method to check the installation. An additional requirement in the labelling of bags of the blown insulation would also be useful. A small preprinted marker or a small bag section to be torn out, possibly containing a production serial number, might be supplied with each bag of MFI. This coupon could then be removed by the applicator and attached to the attic card to indicate the quantity of material installed.
The attic card presently in use specifies conditions of installation, installed thickness and number of bags used, and is signed by the installer. The requirement of an attic card and a small bag containing the bag coupons should be introduced for all installations, both for retrofit and new construction. Similar requirements could be introduced into all loose-fill insulating material standards, e.g., CSA A-101 for MFI and other blown or poured thermal insulation standards, e.g., cellulose fibre, loose-fill polystyrenes, vermiculite, etc.
Specimen preparation for thermal testing should also be given more attention. The structure of the specimen, for instance, has been shown to influence the thermal resistance (Fig. 5 ).
Testing of thermal resistance should be carried out on a material 150 mm thick. The thermal resistivity (conductivity) calculated in this test may be used for any material thickness between 40 and 400 mm without applying any correction coefficient.
The effects of settlement on total resistance will likely be less than 5 percent, whereas an improper installation technique and material variability may introduce changes of 20 to 40 percent. It is therefore of paramount importance that all material and installation standards for blown thermal insulations be upgraded and that the full responsibility be placed on the installer to obtain the thickness and coverage specified on the bag label. The producer should determine a realistic value for material coverage and shou Id mark th is on the bag. Independent laboratories should not be expected to determine coverage values. The installer is thus given the guidance he requires and if the values stated cannot be achieved he will naturally choose another product. Figure A-1 shows an assembly consisting of four frames. The top and bottom frames are provided with three sides while the two middle frames have only two sides. The bottom part of each frame is fastened to the sides with easily removable screws. The top frame is 600 X 300 X 150 mm; the other frames have outer dimensions 600 X 580 X 150 mm. After the missing sides are added during specimen preparation, the frames will have outer dimensions 600 X 600 X 150 mm. The top frame is provided with two holes, 50 mm in diameter, one at the top, and the other at the back if the material is to be installed with a swivel nozzle. The bottom frame is provided with a hole, 75 mm in diameter, placed on one side and covered with a furnace filter to reduce the air pressure in the cavity during the MFI I installation. When the frames are placed together and assembled using the external plywood blocks (Fig.  A-1 ) a 12 mm thick plywood sheet is clamped on the front side of the assembly. MFI is installed with the assembly in a vertical position. The assembly is then laid on the floor and the front plywood sheet is removed; smaller plywood pieces are placed on the surface. The material is carefully cut between two frames, using a knife with a wide blade. A divider made of aluminum sheet is inserted along the frame division and one of the frames is taken apart. The missing sides of the plywood frame are carefully attached using removable screws and the top surface is covered with polyethylene film and a piece of plywood with dimensions 600 X 600 X 12 mm. Polyethylene film is attached to the sides of the plywood frame with adhesive tape and the frame is rotated so that the polyethylene film is at the bottom. The original plywood bottom of the frames, as shown in Fig. A-1 , is unscrewed but left on the surface to protect the material awaiting thermal testing. When conditioning of the specimen is finished and the specimen is carefully transported to the thermal testing equ ipment, it is placed on the cold plate of the open HFM apparatus. Both protective layers of plywood are then removed. First the top then the bottom piece of plywood are carefully slid from between the apparatus surface and polyethylene film. When the plywood protective pieces are removed, the HFM apparatus is closed and measurements are taken. 
